Multifragmentation (MF) was observed [1] shortly after protons were accelerated to multi-GeV energies. Copious yields of intermediate mass fragments (IMFs) such as 18 F and 24 Na from heavy element targets appeared inconsistent with those expected from deep spallation or binary fission mechanisms. The power-law dependence of yield on fragment mass [2, 3] suggested a multiparticle breakup associated with liquid-gas phase transitions in excited nuclear matter. The possibility that MF could probe the thermodynamics of nuclear matter provided impetus for numerous studies of MF induced by energetic proton and heavy ions; see the reviews by Moretto and Wozniak [4] and by Richert and Wagner [5] . Recent work includes the derivation of caloric curves for and the phase diagram of finite nuclear matter [6, 7] .
A two-step picture of MF entails an initial projectile-target interaction leading to some moving configuration of hot, possibly compressed nuclear matter. In step two, thermal expansion, with decompressional flow in the case of heavyion-induced MF, moves the system into a phase region of spinodal instabilities where excited prefragments form. After freeze-out, these are further accelerated by Coulombic forces and may de-excite by particle emission to give the observed IMFs. For details, see the review by Chomaz, Colonna, and Randrup [8] . Significant fragment-fragment interactions occur after what are normally considered freeze-out densities [9] .
An interesting feature of MF is the onset of sidewardpeaked angular distributions at high energies [10, 11] . The transition from forward to sideward peaking occurs for protons between 3 and 11 GeV [12] . Some distributions peak at angles slightly greater than 90
• for still higher energies [12, 13] . Mechanisms such as nuclear shock waves [10] or exotic geometries for the excited intermediate [14] [15] [16] [17] have been proposed. Transverse momentum transfer in the initial interaction might also lead to sideward-peaked angular distributions [18, 19] .
Previous work from this laboratory [20, 21] reported that the angular distribution of an IMF, 37 Ar, from Au shifted from * Electronic address: cumming@bnl.gov forward peaked for incident 8-GeV 22 Ne ions to peaked near 90
• for 25-GeV 12 C. This report extends those measurements to a higher energy, 381-GeV 28 Si from the Brookhaven AGS. By-products of these studies are angular distributions for 127 Xe, a deep-spallation product. Experimental procedures were identical to those used previously:
37 Ar and 127 Xe recoils from 200-µg/cm 2 Au targets were extracted by melting the Al catcher foils in the presence of carrier Ar and Xe and were purified by gas chromatography. The results of these measurements are compared with the lower energy distributions in Fig. 1 . General trends are shown by fits to cubic polynomials in cos θ lab .
The distribution for 37 Ar at 8 GeV in Fig. 1 exhibits a broad forward peak. However, the pronounced downward concavity suggests a sideward component. As the projectile energy increases to 25 GeV the distribution "tilts" and a peak near 90
• becomes apparent. Although the integrated F /B ratio of the distribution is 1.00 ± 0.02, the intensity ratio
is less than unity. This small-angle deficit and the 37 Ar distribution are comparable to those reported for Sc isotopes from 400-GeV-proton-induced MF of U [12] .
The 37 Ar distribution from 381-GeV 28 Si + Au is further shifted backward. The integrated F /B has decreased to 0.73 ± 0.08, confirming the enhanced "backsplash" inferred from the thick-target, thick-catcher measurements with 232-GeV 16 O ions [22] . A 2π thick-catcher experiment with a 100-µg/cm 2 target gave an F /B of 0.76 ± 0.05, in agreement with that from the angular distribution at 381 GeV.
Foward peaking of the angular distributions for 127 Xe in Fig. 1 decreases as the projectile energy increases. The distribution at 381 GeV is nearly identical to that for 37 Ar at 8 GeV. Whether the 127 Xe distribution would continue to shift backward for still higher energies is an open question. The distribution of 128 Ba from p + U does shift from forward to sideward peaked between 3 and 11.5 GeV [23] .
Some distortion of the angular distributions of 127 Xe by scattering and/or absorption in the targets was expected owing to the short ranges of deep-spallation products [24] . To achieve high collection efficiency, recoil paths as long as 500 µg/cm 2 were accepted at some angles. The influence of target thickness was studied in measurements with 28-GeV protons in which angular distributions were obtained with a low collection geometry (0.5% of 4π sr). A variety of products were assayed by γ -ray spectroscopy of the Mylar catcher foils. Experiments with a forward (F) target orientation (normal at 45
• to the beam) covered angles from 15
• to 105
• for 100-, 200-, and 500-µg/cm 2 Au targets. Three others with a backward (B) orientation (normal at 135
• ) spanned the range from 75
• to 165
• for one 100-and two 200-µg/cm 2 targets. Angular distributions for all products with A 100 were independent of target thickness. A significant dependence was observed for nuclides with A 131 at angles where recoil paths in the target were long: at 90
• and 105
• for the F orientation and at 75
• and 90
• for B. For these products, effects increased with increasing fragment mass but saturated as the distributions were unchanged above 200 µg/cm 2 . We conclude that the angular distributions for 37 Ar in Fig. 1 are not distorted by the 200-µg/cm 2 targets but those for 127 Xe are. Because of different target and collection geometries from the proton experiments, it was not practical to correct the 127 Xe data. The variety of shapes encountered in the fragmentation of Au by 28-GeV protons is illustrated by the target-thicknesscorrected angular distributions in Fig. 2 . Those for fragments with A = 48-74 are nearly symmetric about 90
• , with a tendency for small deficiences at the most forward angles. This backsplash is most pronounced for the neutron-deficient 48 V. It is significantly lower for the isobaric 48 Sc. Distributions in this mass region are similar to those reported for Sc isotopes from the interaction of 400-GeV protons with U [12] .
Distributions for 24 Na and 28 Mg in Fig. 2 shift forward from 90
• and are skewed compared with those for A = 48-74. Data [10] for fragments with Z = 6-12 indicate that this evolution continues for still lower mass IMFs. There is also a shift to forward peaking as fragment mass increases above A = 74. Distributions for 131 Ba and 149 Gd are strongly forward peaked. Angular distributions from U targets do not show this transition. Sideward peaking persists at least as far as the Ba isotopes [23] .
The
ratio, a measure of the forward or backward shift of an angular distribution, is shown in Fig. 3 as a function of the projectile energy for IMFs with A = 37−48. A solid curve shows the trend for Sc isotopes (open triangles) from p + U [12] . The open circles for 48 Sc and 48 V from the present work are consistent with that curve. Similar angular distributions are reported for Sc isotopes from Au and U at 400 GeV [25] and for Z = 6-12 nuclides at 28 GeV [10] . The downturn below 3 GeV may indicate the transition to a binary mechanism [26, 27] .
Values of F (0 • )/F (180 • ) for 37 Ar from HI-induced MF of Au are shown as filled circles in Fig. 3 . It has been suggested that projectile energy is the appropriate variable for comparing 047602-2 • intensity ratio as a function of projectile energy for MF reactions yielding products with A = 37-48. Open triangles are from Ref. [12] for Sc isotopes produced in p + U interactions. A solid curve indicates their trend. Open circles are for p + Au → 48 Sc and 48 V from the present work. Filled circles are for HI + Au → 37 Ar from the present work and Refs. [20, 21] . Their trend is shown by the dashed curve.
angular distributions [28] . Although the solid and dashed curves cross at ∼25 GeV, energy scaling does not appear valid over a wider range. The forward peak is more pronounced at lower energies and the forward deficit is deeper in the limiting fragmentation region for the HIs.
Hsi et al. [18, 19] have suggested that the shift from forwardto sideward-peaked angular distributions is due to a change in direction of motion of the excited prefragment from the initial projectile-target interaction. They examined a subset of p + Au internuclear cascade calculations (INCCs) for which the excitation energy E * , of the residue was 500 MeV, typical for IMFs. The mean angle of the residue, θ cr , shifted from ∼30
• at 0.6 GeV to ∼79
• at 90 GeV. The most rapid growth of the transverse velocity was in the energy region where sideward peaking emerges. They showed that a variety of data from the ISiS experiment (Au + 14-GeV p) are consistent with a kinetic-focusing model (KFM) that combined the INCCs with a statistical multifragmentation model.
The angular distributions in Figs. 1 and 2 were least-squares fitted with a simple form of the KFM to give two parameters, η = v /V and η ⊥ = v ⊥ /V , for each product. Here v and v ⊥ are the components of cascade recoil velocity and V is the mean velocity from the subsequent fragmentation step. Results are shown as dashed curves in both figures. This simple model can reproduce a variety of shapes. Many of the fits are indistinguishable from the cubic polynomials. The simple model was unable to reproduce the skewing of the 24 Na and 28 Mg distributions. Calculated curves for these isotopes excluded θ lab 135
• . The difference between solid and dashed curves amounts to only 2%-3% of the total events. A similar problem appeared to a lesser extent (<1%) for 48 V, but not for the isobaric 48 Sc. The model might be improved by inclusion of the broad distributions of v and v ⊥ predicted by the INCCs.
To facilitate comparisons with the INCCs, η and η ⊥ were converted to velocities with the assumptions that v = η V and v ⊥ = η ⊥ V . Values of V were obtained from thick-target, thick-catcher measurements [24] . The dominant trend of V, the upper points in Fig. 4(a) , is the decrease with product mass.
Values of v , v ⊥ , and the cascade recoil angle θ cr defined by tan(θ cr ) = η ⊥ /η from the p + Au distributions are presented as a function of product mass in Fig. 4 Fig. 4 to emphasize the similarity of the distributions in this energy region. This does not persist at higher or lower energies. INCCs predict that KFM parameters should depend on the excitation energy E * , of the cascade residue [19] . Values of v for 24 Na and 28 Mg are above the mean, in Fig. 4(a) . Those for products with heavier masses initially drop below the mean but then rise back in the deep-spallation region. The positive correlation between v and E * [19] suggests that products with A = 37−74 are formed, on the average, in lower E * events than either the lighter IMFs or the deep-spallation products. Flatter excitation functions for the middle mass products [1] support this conclusion.
The direction of motion, θ cr , of the cascade residues from the KFM is shown as a function of product mass in Fig. 4(b) . The mean angle from INCCs is 75
• . An angular distribution need not peak at θ cr [18] . For example, the KFM fit gives θ cr = 59
• for the strongly forward peaked distribution of 131 Ba in Fig. 2 . As the projectile energy increases, the calculated curves for 127 Xe in Fig. 1 remain forward peaked as θ cr increases from 48
• to 70
• . A substantial v ⊥ for 37 Ar production by 8-GeV 20 Ne appears as a downward concavity rather than as a peak at θ cr = 73
• in Fig. 1 . Sideward peaking begins to emerge at about that value. The extrapolation of the curve below A = 24 in Fig. 4(b) is consistent with the known shift to forward-peaked distributions for the lighter MF products [10] . INCCs predict a decrease of θ cr with increasing E * [19] . Sideward-peaked angular distributions in the A = 37−74 region again suggest lower E * for such products. An approximately monotonic decrease of v ⊥ with product mass is seen in Fig. 4(c) . The positive correlation between v ⊥ and E * [19] would then suggest that the lowest E * values occur in the deep-spallation region, a conclusion at variance with those drawn from v or θ cr . Note also that v ⊥ values for 24 Na and 28 Mg are >4 times the INCC mean. The low frequency of such values in the calculations [18] appears inconsistent with the large yields in this region. Although the KFM can describe the various shapes of angular distributions, v ⊥ for some of the IMFs is larger than expected from the calculations. A very different model, one that replaces v ⊥ with an intrinsic anisotropy of V having the form (1 + a cos 2 θ )/(1 + a/3), can also fit angular distributions (e.g., see Ref. [12] ). This form suggests angular momentum effects on the fragmenting system. In the same manner as θ cr shifted from forward to sideward with increasing energy in p-nucleus collisions [18] , the orientation of the angular momentum vector of the cascade residue is expected to shift from perpendicular to the beam in the compound-nucleus regime to more parallel at very high energies. A high-energy p-nucleus collision might look much like an interaction with a transverse-moving lower energy particle. Such an angular momentum effect could augment v ⊥ in producing sideward peaking.
